Solar cells based on hybrid perovskites have shown high efficiency while possessing simple processing methods. To gain a fundamental understanding of their properties on an atomic level, we investigate single crystals of CH 3 NH 3 PbI 3 with a narrow transition (~5 K) near 327 K. Temperature dependent structural measurements reveal a persistent tetragonal structure with smooth changes in the atomic displacement parameters (ADPs) on crossing T*. We show that the ADPs for I ions yield extended flat regions in the potential wells consistent with the measured large thermal expansion parameter. Molecular dynamics simulations reveal that this material exhibits significant asymmetries in the Pb-I pair distribution functions. We also show that the intrinsically enhanced freedom of motion of the iodine atoms enables large deformations. This flexibility (softness) of the atomic structure results in highly localized atomic relaxation about defects and hence accounts for both the high carrier mobility as well as the structural instability.
. The flexibility of their structure enables the existence of multiple closely lying ground states, yielding quite complex behavior 5 . In parallel with the traditional inorganic ABX 3 systems, recently hybrid organic/inorganic halide perovskites have recently attracted extensive attention. Perovskites with the A site replaced by organic cations and the X site replaced by halides were explored as high-efficiency solar cells 6 with the advantages of having low processing temperatures and simple solution method synthesis 7 . Most recently, motivated by the work on CH 3 NH 3 PbI 3 8 , intensive photovoltaic studies have been conducted. Systematic experiments have raised the efficiency value to ~20%, and it is expected that combined with standard silicon-based technologies, efficiencies approaching 30% can be achieved 2, 9 . An important feature of this system is the high absorption cross section for photons in the optical region and the high carrier mobility with electron-hole diffusion lengths approaching 150 μm 2, 10 . Understanding these properties to enable improvement of stability and enhanced efficiency requires a detailed knowledge of the structure on multiple length scales.
Early heat capacity measurements revealed the complex nature of the structural response to temperature in the CH 3 NH 3 PbX 3 system 11 . Strong peaks corresponding to a transition from a high-temperature cubic to an intermediate temperature tetragonal phase followed by a transition to the low-temperature orthorhombic phase were found. Based on theoretical models, it was argued that the orientation of the C-N bonds in the CH 3 NH 3 + (MA) ion is progressively ordered as the temperature is reduced. More recently, with the observation of high efficiency and optimal photovoltaic properties in CH 3 NH 3 PbI 3 , a broad range of structural studies have also been conducted, but primarily over a long length scale (micron scale).
Specifically, powder neutron diffraction measurements on CH 3 NH 3 PbI 3 between 100 and 352 K were conducted 12 . Structural analysis reveals that the MA ions are fully ordered in the orthorhombic phase (with space group Pnma) with the NH 3 groups aligned in the face of the perovskite cell and with the PbI 6 octahedra slightly distorted. The tetragonal phase was found to be in the I4/mcm space group in which the MA ions adopt one of four orientations along the (100) direction and equivalent directions. In the cubic phase with Pm-3 m space group, the MA ions were found to be orientationally disordered. As the temperature is increased, the bonding between the NH 3 groups in MA and iodine in the framework is progressively reduced. Structural studies of the general class of hybrid perovskites 13 were carried out on single crystals. The high-temperature phase was found to adopt the P4mm tetragonal space group (at 400 K), below 333 K the intermediate temperature tetragonal phase was found to adopt the I4cm space group. Earlier single crystal x-ray diffraction measurements indicated that the intermediate phases corresponded to the I4/mcm space group 14 . More recent single crystal neutron diffraction measurements (343 K) in the high-temperature phase indicate two possible unit cells which can fit all Bragg peaks, the P4mm structure and rhombohedral structure (R-3m or R3m) 15 . Single crystal x-ray diffraction measurements at 298 K and 350 K yielded tetragonal and cubic structures (I4/mcm and Pm-3m space groups), respectively 16 . Single crystal x-ray diffraction measurements at 293 K on micron size crystals reveal a space group of I4cm 17 and further pair distribution function measurements at 350 K suggest that a tetragonal instantaneous structure on short length scales (I4cm, 2 to 8 Å) but cubic on longer length scales (Pm3m, 12 to 50 Å) when dynamically differently oriented domains are averaged 18 . Off-centering of the Pb ions from the high symmetry sites was also observed. A broad range of density functional computations has been carried out on this class of materials. The stability of the possible phases was explored 19 revealing a very small difference between the free energy of the Pm-3m and P4mm as possible high-temperature structures. Recent pseudo-binary phase processing diagrams for MAPbI 3 between 313 and 463 K reveal intermediate and high-temperature tetragonal structures of I4/mcm and P4mm symmetry 20 . It was observed that obtaining the high-temperature phase required heating over a long time period.
Understating the intrinsic properties of these materials requires a broad range of studies on high-quality single crystals. To gain a fundamental understanding of their properties on an atomic level, we have prepared single crystals and have conducted heat capacity measurements between 170 K and 380 K, high-resolution single-crystal synchrotron x-ray diffraction measurements at room temperature, x-ray pair distribution function measurements (PDF) between 170 K and 445 K and x-ray absorption fine structure (XAFS) local structural measurements at room temperature. These measurements are essential to illustrate the unique structural properties responsible for the high efficiency of these materials.
Molecular dynamics (MD) simulation using ab initio density functional methods were utilized to assess the structure at 200, 300, 400 and 500 K. Also, MD simulation at 300 K in the presence of combined MA and I defects were conducted. The simulations focused on a temperature range relevant to the natural operating temperature of solar cell devices. Our experiments reveal a transition with a narrow width (~5 K) occurring near 327 K with very weak hysteresis (~continuous transition). The room temperature single-crystal synchrotron x-ray diffraction measurements reveal a space group of I4cm with anomalously large and asymmetric thermal parameters for I1 and I2 transverse to the Pb-I bonds. The MD simulations show large asymmetry in the Pb-I pair peaks at all temperatures (200 K to 400 K) indicating anharmonic motion of the I atoms. Simulations of 300 K systems with defects at the MA and I site reveal that the lattice distortion about the I defect occupies a very restricted volume of space due to the lattice flexibility. X-ray pair distribution function measurements (at a 60 Ǻ length scale) reveal that a tetragonal structure exists over the full temperature range studied (170 to 445 K) and yield a very large volume thermal expansion parameter. Anomalies are found in the thermal parameters near the transition (covering a range of more than 40 K). Modeling of the thermal parameters reveals potentials with very broad minima for the I2 and to a lesser extent the I1 ion. The Pb-I pair distribution extracted from XAFS measurements also indicated a very high degree of anharmonicity. Collectively, the results indicate that the I atoms can move considerably within the lattice at very low cost in energy. This high lattice flexibility enables the system to support a high density of defects each with limited spatial extension-leading to high charge mobility. At the same time the high flexibility also makes the system less structurally stable than standard oxide perovskites. On a local level, the sample has a mixed phase tetragonal/cubic structure for a broad temperature range. Figure 1 shows the heat capacity measurements of CH 3 NH 3 PbI 3 on warming and cooling with the inset revealing the peak at 329.2 K (T*). The hysteresis was found to be very weak (inset) and near the limit of the experimental measurements ~(shift less than 0.2 K). Also the width of the region where the heat capacity varies strongly is ~ 5 K. In addition, below that transition down to ~170 K, the heat capacity exhibits a nearly linear behavior. The straight line (guide to the eye) between 175 K and 310 K shows the highly linear behavior below T*. Formally,
Results and Discussion
, where α V is the volume thermal expansivity and β is the isothermal compressibility. We note that the difference between C p and C v is small in solids and that in the high temperature limit
In the case of systems with large thermal expansion, linear variation is expected at high temperature. Thus the linear behavior of the heat capacity is consistent with large α V values and anharmonic behavior.
Room temperature single-crystal synchrotron x-ray diffraction data were collected for short and long times and merged (eliminating any saturated peaks) to obtain high signal to noise data. This enables the determination of the atomic structure at the Pb, I, C and N sites. The space group I4cm was found (see data presented in Table 1 and Tables S1 and S2 (Supplementary Document)). The isotropic atomic displacement parameters (ADPs) of the I1 and I2 ions are found to be four times larger than those of the Pb ion. In Fig. 2 and Fig. S1 we see that thermal ellipsoids are highly extended transverse to the bonding direction in the Pb-I-Pb bond chain. These results indicate large motion of the I1 and I2 ions transverse to the Pb-I-Pb chains (see Table S1 for the anisotropic displacement parameters). We note that the orientation of the MA ion can also be extracted from the data. In To understand the motion of the ions in the lattice, MD calculations were conducted on a 2 × 2 × 1 unit cell at fixed temperature for T = 200, 300, 400 and 500 K. The radial distribution functions for atomic pairs are given in Fig. 3(a) and information on the simulations is presented in the supplementary text ( Figs S3-S5 ). The pair distribution of the nearest neighbor Pb-I distances is given in Fig. 3(b) for all temperatures with fits to the simulations at 400 K (dashed line) and at 300 K (solid line). For the entire temperature range 200 to 400 K, the distribution function is asymmetric. The asymmetry in the radial distribution functions does not significantly change over this temperature range. The presence of this significant asymmetry indicates that the motion of the atoms is highly anharmonic as suggested by the heat capacity and the large ADPs in the single crystal measurements. The calculations also show that that hybrid perovskites are quite soft compared to traditional perovskite oxides. The PbI 3 cage has very low phonon modes revealed by the phonon density of states, computed from the velocity autocorrelation function 22 based on the molecular dynamics simulations, with peaks near 40 cm −1 and 130 cm −1 (due to Pb and I motion, respectively (see Fig. S4) ). The molecular dynamics simulation also reveal a compression of the C-N bond in the MA ion when hosted in the perovskite lattice compared to isolated MA ions (Fig. S5) .
To explore the dynamic behavior of the lattice on a nanoscale, single crystals of the sample were crushed to form a micron scale powder for large angle hard x-ray synchrotron powder diffraction with high momentum transfer. Data were collected between 170 K and 445 K, covering the region of the transition at T*. The system was modeled using the space group I4cm to search for tetragonal structures. A representative fit at room temperature is shown in Fig. S6a (Supplementary text ) and the quality of the fit vs temperature is given in Fig. S6b as the R w parameter. Stability of the C-N bond provides a more robust indicator of the quality of the fits (Fig. S6c) . All fits were conducted over the range 2.75 to 60 Ǻ (nanoscale modeling in real space). (Table S1 ).
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In Fig. 4(a) we show the ratio c*/a* ( ) as a function of temperature. The figure gives the original a and c lattice parameters (lower left) and the volume versus temperature (upper right) as insets. The lattice parameters indicate that the system is tetragonal for the complete temperature range shown. Data points (red squares) from the work of Stoumpos et al. 13 also fall close to the data on this work. From the volume vs temperature curve we obtain a value of α V = 1.097(5) × 10 −4 K −1 which is extremely large and compared to very high values found for some crystalline organic materials 23 . From the extracted fit parameters we plot the ADPs vs temperature in Fig. 4(b) , representing the I1 and I2 atoms. (Note that anisotropic parameters U 11 and U 33 were refined for all structural fits to data but the average U iso parameters are given in the figures and used in the potential model fits.) While the heat capacity changes rapidly over a ~5 K temperature range, we see that isotropic ADPs for I1 and I2 show smooth, broad variation over a range of ~40 K and ~80 K, respectively. The lack of an abrupt or discontinuous change in the ADP is consistent with a continuous phase transition. To understand the motion of the atoms, the extracted ADPS were fit to an effective potential 
assuming that the motion of the atoms follows a Boltzman distribution. The parameters α and γ are, respectively, the force constant and quartic anharmonic contribution for motion of the atom with respect to its equilibrium position. Data between 180 and 280 K (below T*) for the Pb, I1 and I2 ADPS were fit to determine the potential function parameters (written as α i and γ i ). The fits are displayed in Figs S7 and S8. In Fig. 4(c) we plot the potentials for Pb, I1 and I2. These functions give information about the physical motion of the atoms. I2 displacements of the ordered of 0.2 Ǻ can be excited with energy k B T near room temperature. Large values of the γ i parameters reveal the high anharmonic nature of the motion. The I2 atoms and to a lesser extent the I1 atoms move in broad shallow wells dominated by motion transverse to the bonds with respect to their near neighbor Pb sites. The behavior of Pb-I bonding pair was determined by room temperature XAFS measurements at the Pb L3 edge. The room temperature data exhibits just one clear peak (Fig. S9) in the Fourier transform of the extracted fine structure signal, which corresponds to the distribution of Pb-I bonds. Higher order peaks such as those for Pb-Pb are not evident due to very weak correlation of the motion of these atom pairs-confirming the soft nature of the lattice. Fits of the data with a distribution based on a split Gaussian peak reveal high asymmetry in this bond. Additional modeling with an anharmonic pair potential enables the determination of the force constant and anharmonic parameters for this bond. The resulting bond distributions from both methods as well as the extracted potential function are given in Fig. 5 . These results can be integrated to present a coherent picture of the behavior of the system over the temperature range 170 to 445 K, when combined with previously published results. It is well established that progressive ordering of the MA ions occurs on cooling from high temperature through both transitions in CH 3 NH 3 PbI 3 26 . We found no discontinuous changes, as seen in the lattice parameter (volume) variation with temperature (Fig. 4) . Hence, combined with the weak hysteresis observed in the heat capacity measurements presented here we are led to assert that the transition at T* is a continuous transition. An important observation from the PDF measurements is that while the width of the peak in heat capacity is ~5 K, changes in the x-ray diffraction ADPs occurs over regions up to ~60 K wide. We note also that the resistivity was found to change over a broad temperate range 13 without a discontinuity. It implies that on the timescale and distance scale (60 Å) of the PDF measurements the sample exists as a mixture of the high temperature and low-temperature phases significantly below T* and significantly above T* with the tetragonal phase observable up to the highest temperature measured, ~445 K. Hence the structure which hosts the high-efficiency photovoltaic properties is a pure tetragonal or mixed tetragonal and cubic phase. We note that since the transition at T* is second order (more accurately described as Fig. S1 and Table S1 ). continuous), that the symmetry of the high-temperature phase must obey a group-subgroup relation relative to the low-temperature phase.
Over the temperature range studied (170 to 445 K), one can consider each unit cell (I4cm space group) as having a pseudo spin defined by the unique symmetry axis (c-axis) and which yields a net polarization direction in the cell. At high temperatures, the MA ions are randomly oriented while for low temperatures the restricted motion breaks the cell symmetry. The system can then be considered as a three-dimensional Ising lattice 27 . Such an Ising system has a characteristic asymmetric heat capacity which peaks at the phase transition temperature strongly when dominated by nearest neighbor interactions 28 . The correlation between unit cells with given "spin" directions give the observed variation of heat capacity in the vicinity of T*. This transition, similar to a magnetic, the transition is continuous. At high temperature, this model supports transitions in a phase characterized by the formation of the low-temperature phase regions embedded in the high-temperature phase above away T*. While below T* it supports the high-temperature phase embedded in the low-temperature phase. This is consistent with the combined heat capacity and ADPs measured by PDF.
To understand the election transport in this system we note that as in the case of the classic manganite oxide perovskites 29 , the Pb and I sites provide the network along which transport occurs. The hopping of electrons from nearest neighbor Pb to Pb sites via the I sites is related to the overlap of the Pb 6 s and I 6p wave functions. The Pb-I1-Pb bond is along the c-axis (180°), but Pb-I2-Pb bond angle varies with temperature. Following the methods of Harrison 30 , we can express the hopping integral as
( Fig. 6(a) ). As seen from the relation Panel (a) gives a plot of the ratio of c*/a* indicating that the system is tetragonal for the entire temperature range. The red squares are data taken from Stoumpos et al.
13
. The lower left inset gives the lattice parameters, and the upper inset gives the volume vs temperature yielding a very large volume expansion coefficient
. The extracted atomic displacement factors for the I sites (I1 and I2, see Fig. 2 ) are shown in (b). Note that there is a smooth transition with temperature. In (c) the extracted single particle potentials representing the motion of the I atoms about the equilibrium positions are shown. The large value of the fourth order coefficient γ indicates very strong anharmonic behavior (See also supplementary data document Fig. S7 ). Not that the enhanced anharmonic behavior of the I2 site relative to the I1 site.
between the extracted bond angle and temperature from the PDF data, the overlap integral increases with temperature and hence tracks the observed resistivity reduction (conductivity increase) 12 as temperature is increased. The MD simulations of the Pb-I-Pb bond distance with time also shows an increase in average value with temperature but with large fluctuations (Fig. 6(b) ) at high temperatures. We note that in the presence of defects at both the I and MA sites the behavior of the Pb-I-Pb bond distribution is qualitatively the same (Fig. 6(b) ).
The connection of the large possible displacement of the I ions at low energy cost can be related to the high observed charge mobility. The large motion of these ions makes possible charge separation. This separation has been shown to be responsible for a large dielectric constant observed over a broad frequency range 31 . Theoretical predictions on these systems point to the Pb-I stretching and Pb-I-Pb rocking modes dominating the atomic contributions to the dielectric constant for frequencies below 111 cm −1 32 . The large dielectric constant in these materials is made possible by the I motion provides a high degree of screening for charged defects. The screening of the defects as in the case of SiC 33 , reduces impurity scattering significantly possibly leading to the very large carrier mobility. It is noted that the mobility is not as high as semiconductors such as GaAs. Hence these systems incorporate, a balance between the property of high dielectric constant for defect screening and increased electron-phonon scattering.
We illustrate the deformation of the lattice about defects tin Fig. 6(c) . For the region around an I defect, a section of the unit cell is shown for the average structure (from MD simulations at 300 K) with one MA and one I defect present. Atoms relax away from missing I atoms. The large dark arrow indicates the position of the missing I atom and the green arrows give the displacement of the atoms relative to the average structure without defects. The longest displacement arrows in the figure correspond to 0.79 Å. The softness of the lattice which underlies the high anhramonicity enables deformation of the lattice in response to the defect but limits its extension to a very small region of space (shown by the loop in Fig. 6(c) ). The deformation about the I defect can be roughly represented by a sphere of ~10 Å diameter.
Summary. Experiments on single crystal from the same batch have been carried out using multiple structure related methods. Measurements covering the temperature range ~170 K to ~445 K were compared with molecular dynamics calculations. Heat capacity measurements reveal a continuous transition near ~330 K (T*)-which is reasonably close to solar cell operating temperatures. Structural studies near the operating temperature region were conducted. Local structural PDF measurements reveal a tetragonal structure over the full range with smooth broad smooth changes in the atomic displacement parameters (ADPs) at T* extending significantly above and below T*. Fits to ADPs make evident large flat regions in the potential wells in which the I1 and I2 are moving. High anharmonic behavior is found with an extremely large thermal expansion parameter α V . The reduction in the resistivity at high temperature is shown to correlate with the temperature variation in the Pb-I2-Pb bond angles. The softness of the lattice which underlies the high anhramonicity, enable deformation of the lattice in response to the defect but limits its extension it to a very small region of space yielding a material with resilient high carrier mobility in the presence of defects. and requires theoretical models which incorporate large anharmonic motion of the atoms.
The soft potential wells, in which the I and Pb ions sit, enhance their electrical properties. However, it may also make the materials structurally unstable and mechanically soft. Supporting the arguments presented here, recent theoretical work explored candidate compounds in this class based on Cs at the A site show that the iodide type perovskite is intrinsically unstable with quite low decomposition enthalpy 34 . Overall, the results indicate that this class of hybrid perovskite has distinctly different physics from oxide perovskites and requires theoretical models which incorporate large anharmonic motion of the atoms. Our structural explorations at temperatures near perovskite solar cell operation temperature demonstrated will pave the way to understand the impact of large thermal motion on the critical properties, i.e. high carrier mobility, of MAPbI 3 perovskite materials. Our work in this direction will significantly stimulate wider exploration of fundamental structural correlations with the high performance of hybrid perovskite solar cell materials.
Experimental and Modeling Methods. Details of the synthesis and experimental and modeling methods are given in the supplementary document. High-quality single crystals of CH 3 NH 3 PbI 3 were prepared in gamma-butyrolactone. Specific heat measurements were conducted on warming from 300 K to 360 K and on cooling from 360 K to 170. All experiments were conducted on samples from the same preparation batch. Approximately 10 minutes was required to measure each temperature data point. Hence the system was never in a quenched state. Synchrotron single crystal x-ray diffraction measurements were conducted on ~15 μm diameter crystals. Pair distribution function experiments (conducted at similar collection time per temperature point as the specific heat measurements) and XAFS measurements were conducted on crushed single crystals (500 mesh powders). MD simulations were conducted utilizing the VASP code implementing projector-augmented wave (PAW) potentials. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
